Lunar meteorite chip samples recovered by the National Institute of Polar Research (NIPR) have been studied by a UVevisibleenear-infrared spectrometer, targeting small areas of about 3 Â 2 mm in size. Rock types and approximate mineral compositions of studied meteorites have been identified or obtained through this spectral survey with no sample preparation required. A linear deconvolution method was used to derive end-member mineral spectra from spectra of multiple clasts whenever possible. In addition, the modified Gaussian model was used in an attempt of deriving their major pyroxene compositions. This study demonstrates that a visible-near-infrared spectrometer on a lunar rover would be useful for identifying these kinds of unaltered (non-space-weathered) lunar rocks. In order to prepare for such a future mission, further studies which utilize a smaller spot size are desired for improving the accuracy of identifying the clasts and mineral phases of the rocks.
Introduction
Lunar meteorites, along with returned U. S. Apollo and Soviet Luna samples, have been serving as hands-on samples of the Moon for petrologists and other planetary scientists to study the composition and evolution of the Moon. Unlike the returned samples, lunar meteorites likely came from all over the lunar surface including the far side, which makes them complementary to the abundant Apollo sample collection. Recent spacecraft observations such as those by Multiband Imager (MI) and Spectral Profiler (SP) onboard Japanese SELENE (Kaguya) spacecraft and Moon Mineralogy Mapper (M 3 ) onboard Indian Chandrayaan-1 spacecraft enhanced our knowledge of the lunar surface composition by providing images and reflectance spectra with increasingly higher spatial and spectral resolutions, wider wavelength coverages, and better signal-to-noise (S/N) ratios (e.g., Matsunaga et al., 2008; Ohtake et al., 2009; Pieters et al., 2010) . On the other hand, laboratory studies on reflectance spectra of returned lunar samples and lunar meteorites focused mostly on bulk samples in powder form to simulate lunar surface regolith, which is usually dominant in the spatial scale observable from Earth by ground-based telescopes. However, interpreting data from the above recent missions and future spacecraft and rover missions with increased spatial resolutions to the Moon would require a new set of database covering individual rocks and their clasts. Because returned lunar samples do not represent the entire range of lunar rock lithological diversity, studying individual clasts in lunar meteorites which are mostly breccias could yield new information on their parent rocks and expand our knowledge of the compositional range of the lunar surface by studying samples that may not be represented in the returned lunar sample collections.
In order to help interpreting recent new remote-sensing data of the Moon, prepare for future rover missions, and enhance the value of Antarctic lunar meteorite collection at the National Institute of Polar Research (NIPR) in Tokyo, we have conducted a visible and near-infrared (VNIR) spectral survey of lunar meteorites collected by the NIPR.
Experimental
Antarctic lunar meteorite samples collected by the NIPR were considered for this study. Out of the nine Antarctic lunar meteorites, nine subsamples were selected for our measurements by considering freshness and texture (having a natural, broken surface). Those considered meteorite samples are listed in Table 1 , and the photographs of those samples are shown in Fig. 1 with the total of twenty measured spots (about 3 Â 2 mm in size) indicated. Each of those spots were selected as representative of either the average or an end member of each sample.
The details of spectral measurement are the same as those in our previous survey on Martian meteorites stored at NIPR (Hiroi et al., 2011) . Bidirectional UV-VNIR diffuse reflectance spectra of those spots were obtained in the ambient condition (in normal atmosphere at room temperature) using a diffuse reflectance spectrometer manufactured by Bunko-Keiki installed in Mizusawa campus of the National Astronomical Observatory of Japan (NAOJ). The measurement geometry was set to 30 incidence and 0 emergence angles in order to avoid specular reflection and facilitate easy comparison with other spectral datasets such as the Reflectance Experiment Laboratory (RELAB) database (http://www. planetary.brown.edu/relab/). The wavelength range was 250e2500 nm, data were recorded at every 5 nm, and the spectral resolution was about 5 nm.
All spectra were measured relative to Spectralon purchased from Labsphere, a near perfect diffuse reflector over this wavelength region, and the relative reflectances were corrected for the absolute reflectance of Spectralon, especially for the prominent absorption bands starting at around 2150 nm in wavelength, using the calibration table used at RELAB (Pieters, 1983; Pieters and Hiroi, 2004) . There is a study comparing the performance of the BunkoKeiki spectrometer with the RELAB spectrometer (Hiroi et al., 2016) , which shows they produce highly consistent reflectance spectra except for their difference in spectral resolution.
Models for spectral analysis
Reflectance spectra of chip samples tend to be difficult to analyze with high precision because of their surface texture and significant surface boundary reflection compared with spectra of powder samples with mostly volume scattering (absorption). However, there is also a merit of measuring the spectra of chip surfaces in that their component minerals may be mixed linearly as areal mixtures instead of nonlinearly as intimate mixtures. Here, the term "areal mixture" is defined as denoting a state where surface minerals are separated from one another in a much larger scale than the average grain size and wavelength so that reflected light from different minerals do not interact significantly. On the other hand, the term "intimate mixture" is defined as denoting a state where different minerals are mixed closely (intimately) in a similar scale to the grain size or wavelength so that incident light is scattered multiply by grains of different minerals before reflected from the sample surface. Models appropriate for analyzing reflectance spectra in those cases are linear interpolation/extrapolation models for areal mixtures, and mixing models for intimate mixtures.
A linear extrapolation model employed in our previous study on Martian meteorite chips (Hiroi et al., 2011) was also applied to the lunar meteorite chips in this study. In addition, the modified Gaussian model (MGM) (Sunshine et al., 1990 ) was employed in this study, as was done in our previous studies Isaacson et al., 2012) . MGM has been mostly used for reflectance spectra of intimate mixtures such as laboratory powder samples and regolith on planetary bodies (e.g., Hiroi et al., 2007) . Although using MGM for chip samples is somewhat unusual, it is attempted in this study to assess its validity for such chip spectra.
A typical MGM deconvolution is performed by first converting a reflectance spectrum into a natural logarithm reflectance spectrum (an approximated absorbance spectrum) and deconvolving it into a continuum that is linear to wavenumber and a set of Gaussians in the wavelength space (modified Gaussians):
where denoted as R(l) is reflectance at wavelength l, c 0 and c 1 are the coefficients for the continuum background, s i , m i , and s i are the strength, center, and width of the i-th modified Gaussian band. The strength s is a negative value, and the width s is usually expressed in terms of the full width at half maximum (FWHM) derived from the width by
(e.g., Hiroi et al., 1995) . These formula were adopted for MGM deconvolutions in this study. The initial conditions such as the starting parameters and the optimization procedures in the MGM deconvolutions in this study were the same as in Hiroi et al. (2005) .
Results and preliminary analysis
All the reflectance spectra measured on the meteorite sample spots are plotted in Fig. 2 . Although the spectral data quality seems high enough for the purpose of this study, data quality decreases as the sample becomes darker although this plot does not show it clearly. Triangular absorption band near 1.95 and 2.2 mm in wavelength are likely due to either structural water or hydroxyl in plagioclase crystals or terrestrial hydrous products in veins thereof (e.g., Adams and Goullaud, 1978) . Although other mineral components may also contain water, high transparency of plagioclase makes such absorption bands outstanding by increasing the mean optical path length. This trend was also observed in spectra taken by M 3 onboard Chandrayaan-1 spacecraft (Pieters et al., 2010) .
Other than the water absorption features due to terrestrial weathering, most of the spectra in Fig. 2 seem to be dominated by those of pyroxene, olivine, and plagioclase, which show diagnostic absorption bands at around 0.85e1.05, 1.30, and 1.9e2.3 mm in wavelength. A small bump around 2.15 mm in wavelength could be due to incomplete calibration for the absorption bands of Spectralon. Below, results of spectral measurements and preliminary analyses are described separately for each sample or groups of samples.
Anorthositic breccia Yamato (Y)-86032
Y-86032 and Y-82192 are fragmental or regolith breccias composed of several types of feldspathic clasts, granulitic breccias, and minor basaltic clasts set in a clastic matrix (e.g., Takeda et al., 1987 Takeda et al., , 1989 Yamaguchi et al., 2010) . These meteorites are enriched in Al 2 O 3 and have very low concentrations of rare earth elements, Th, and U. Y-86032 contains lithologies such as brecciated anorthosite clasts that are more sodic than FAN (Ferroan Anorthosite) found in Apollo and Luna samples that are all from the lunar nearside (Nyquist et al., 2006; Yamaguchi et al., 2010) . These lines of evidence indicate that Y-86032 and the paired rocks The Y-86032 chip is characterized by two large anorthositic clasts (spots A and E) and a large, cloudy clast (spot C) as seen in Fig. 1e . Reflectance spectra of these three spots plotted in Fig. 3 all show clear indications of containing both pyroxene (0.9 mm band) and plagioclase (1.25 mm band). Therefore, linear deconvolutions have been performed first on the spectra of spots A and E, obtaining the end-member spectra of a plagioclase contained by 100% in spot A and 60% in spot E, and a low-Ca pyroxene (LCP) contained by 40% in spot E. Therefore, a brownish inclusion inside plagioclase in spot E must be LCP. Then, using the plagioclase and the spot C spectrum, another linear deconvolution has been performed, obtaining a spectrum which seems to be dominated by high-Ca pyroxene (HCP) contained by 60% in spot C.
The LCP absorption band center wavelengths 0.93 and 1.96 mm corresponds to the Fe content ranges of Fs 5e50 and 25e45, respectively (Cloutis and Gaffey, 1991) , which are consistent with Fs 17e50 for LCP reported by Yanai and Kojima (1991) . The HCP spectrum is clearly much darker than expected and thus probably contains a dark component such as those existing in the dark, impact lithology reported by Yamaguchi et al. (2010) . Although it is not easy to estimate the HCP band center wavelength positions, if 1.0 and 2.2 mm are adopted as the centers, they correspond to Fs 10e30 and 10e50, respectively (Cloutis and Gaffey, 1991) , which are consistent with Fs 8e52 for HCP reported by Yamaguchi et al. (2010) . These results are generally consistent with petrologic and mineralogical studies (Takeda et al., 1987 (Takeda et al., , 1989 Yamaguchi et al., 2010) .
The reflectance spectrum of spot A (Fig. 3 ) corresponds to socalled "purest anorthosite (PAN)" in Ohtake et al. (2009) . In their study, the volume content of the mafic component in PAN is believed to be 2% or less, while this study estimates 0.6% or more as the mafic content based on our visual inspection of this clast where at least three tiny mafic phases are seen inside and on the rim of a large plagioclase clast. These two values agree well with each other.
As an alternative method of understanding the mineralogy of these spots, MGM deconvolutions were performed to all these five spot spectra and plotted in Fig. 4 . As seen in Fig. 4 , even the dark spectra such as those of spots B and D can be deconvolved into absorption bands in spite of relatively large noise levels and thus uncertainties. Continuum background spectra all have a negative slope as a typical case for chip samples unlike powder samples.
The optimized parameters of the above MGM deconvolutions are listed in Table 2 , and the band center, width (FWHM), and strength are also plotted in Fig. 5 . Data points are grouped into individual absorption bands either due to their component minerals (mostly Fe 2þ d-orbital absorption in silicates) or terrestrial weathering (mostly due to water, hydroxyl, Fe 3þ , etc.). In general, the former bands are wider and stronger, and the latter bands are narrower and weaker. Immediately noticeable in Fig. 5a is the fact that there are three groups of spots. Although most of the five spots show 0.6, 1, 1.25, and 2 mm bands, spot A shows 0.85 and no 1 mm band, spot E shows both 0.85 and 1 mm bands, and the 2 mm band of spots A and E are at 1.9 mm, which is shorter than 2.1e2.2 mm of spots B, C, and D. Based on the findings from the linear extrapolation performed above, this is due to the fact that spot A contains only plagioclase, spot E contains both plagioclase and LCP, and spots B, C, and D are spectrally dominated by HCP. Based on the band strengths plotted in Fig. 5b , HCP seems to be the most abundant in spot D.
The 1 and 2 mm band center values of the strongest pyroxene bands (mostly due to the M2 site) of these pyroxene-bearing spots are plotted in Fig. 15 (filled circles) together with those of other samples below and synthetic pyroxene samples . Spot E is plotted near the Ca-free synthetic pyroxene trend line (LCP region), and its closest point on the trend line corresponds to Fs 40 in composition, which is consistent with the above results. Spots B and D are plotted in the Ca-bearing pyroxene cluster (HCP region), and their likely compositions are Fs 50e70 Wo 8e14 although these values are highly uncertain. Spot C seems far away from the synthetic HCP region, probably reflecting incomplete separation of HCP bands from those of plagioclase and other 
Basaltic regolith breccia Y 981031
This meteorite is a mixture of mafic mare components and feldspathic highland components (Sugihara et al., 2004) and is suggested to be paired with Y-793274 (Kojima et al., 2000; Arai et al., 2002) . These are polymict breccias containing numerous clasts and mineral fragments. Comparing the Y-793274 chip and Y 981031 chips studied here, the latter have been found to show larger clasts, including a green phase (spot D in Fig. 1i ). For the same reason as in the previous section, Y-793274 results are discussed separately later.
Plotted in Fig. 6 are reflectance spectra of measured spots on Y 981031 chips along with that of Apollo 15401 green glass taken from the RELAB database (www.planetary.brown.edu/relabdata/). Immediately noticed is that the spot D shows a glass-like spectrum having an upward peak near 0.6 mm similar to the Apollo green glass, except for the overall continuum difference which is typically observed when particle size or measurement geometry is different. The green clast of the spot D must contain green glass abundantly.
Spectra of spots A and B in Fig. 6 look like pyroxene-rich and olivine-pyroxene mixture spectra, respectively. Linear deconvolution was performed to these spectra to derive an olivine-like spectrum by optimizing the areal mixing ratio to 89% olivine and 11% pyroxene for the spot B. Therefore, the dark phase in the spot B must contain abundant olivine grains. The pyroxene spectrum of spot A has its 1 mm band centered at 0.94 mm, which corresponds to pyroxene compositional range of Fs 5e35 Wo 15e20 (Cloutis and Gaffey, 1991) . Previous studies on this meteorite seem insufficient to compare with these results. The remaining spots C and E show either complex or feature-poor spectra, which may call for MGM deconvolutions for their analysis.
The MGM deconvolution plots of spectra of all the spots on these Y 981031 chips and Apollo 15401 green glass separate are shown in Fig. 7 , and their optimized parameters are listed in Table 3 . The band center, width, and strength are also plotted in Fig. 8 . In spite of very different continuum background shapes, spot D and Apollo green glass show very close band center and width values as seen in Fig. 8a . Their 1.25 and 2 mm band strength may be slightly different although they can be affected by the uncertainty of the continuum background function and the removal of the terrestrial weathering bands from the spot D spectrum. Overall, this is a convincing result that spot D is dominated by green glass.
On the other hand, no evidence of olivine derived from the linear extrapolation performed above is found in these MGM analyses. Although spots B and E show a 1.05 mm band, it is too narrow and weak to be due to olivine. In addition, spot C shows a 2 mm band that is too broad and strong relative to the 1 mm band for pyroxenes (Figs. 7c and 8a ). Because this spot C spectrum also shows 0.56 and 0.68 mm bands which are consistent with spinels (Hiroi et al., 1996) , the strong and broad 2 mm band may be due to spinel. If spinel is contained, along with plagioclase evident by the presence of a 1.25 mm band, this clast may come from a spinel troctolite. However, this spectrum does not exactly match with any spinel or chromite spectral types (Cloutis et al., 2004) . There is also a possibility that the unusual 2 mm band is due to an inappropriate conversion of the continuum background spectrum to have a positive slope, which required the 2 mm band to be broader to compensate (Fig. 7c) . Terrestrial weathering is also evident from its 1.95, 2.2, and 2.3 mm bands.
In Fig. 8 , spots A and E show a 0.85 mm band and two 2 mm bands in a similar manner to spots A and E of Y-86032 (Fig. 5) . A 0.85 mm band was also detected in the spectrum of coarse plagioclase crystals of eucrite Asuka (A)-881394 . Therefore, it is likely that spots A and E contain plagioclase along with HCP indicated by their long 2 mm band center wavelength positions.
In Fig. 15 , band 1 and 2 centers of all spots of the Y 981031 chips are plotted in filled squares. Spot D (green glass) is plotted far away from synthetic pyroxene line as it is supposed to be, and all the remaining spots A, B, C, and E are plotted near the synthetic HCP trend line, close to the composition of Fs 50e60 Wo 12e14 although these values are somewhat uncertain. 
Gabbro Asuka (A)-881757
This lunar gabbro sample shows coarse, transparent crystals in the pink-brown matrix. This meteorite is a likely pair of other Antarctic meteorites Y-793169, Miller Range (MIL) 05035, and Meteorite Hills (MET) 01210 (Takeda et al., 1993; Arai et al., 1996 Arai et al., , 2010 Joy et al., 2008; Liu et al., 2009) , and a possible cryptomare origin has been suggested (Arai et al., 2010) .
Reflectance spectra of all the spots are shown in Fig. 9 along with some reference and model spectra. Spot C seems mostly free of such large crystals, and spot B seems to have a thick crystal. Therefore, spectra of these two spots were linearly deconvolved in an attempt to derive the spectrum of the large crystal. Assuming that the crystal contributes to the spot B spectrum by 70%, a model maskelynite-like spectrum was obtained as shown in Fig. 9 in comparison with the spectrum of coarse maskelynite crystals from the same meteorite (data taken from the RELAB database). The pyroxene (spot C) absorption band centers of 0.96 and 2.1 mm correspond to a compositional range of Fs 20e50 Wo 10e40 (Cloutis and Gaffey, 1991) . Mikouchi (2001) reports that pyroxene composition of A-881757 as Fs 30e75 Wo 10e40. The present spectroscopic estimates are not too far from this previous work.
MGM deconvolution plots of spots A, B, and C along with a maskelynite separate from RELAB and a model maskelynite mentioned above are shown in Fig. 10 , and their optimized parameters are listed in Table 4 . The band center, width, and strength are also plotted in Fig. 11 . It is clear from Fig. 11a that our model maskelynite (indicated with M) is not purely maskelynite (indicated with *) in terms of the band center and width values. Instead our model maskelynite is still very close to spot B composition. This result is not surprising considering the fact that maskelynite crystals in this A-881757 chip are so transparent that incident light is transmitted to other minerals and then reflected back through the maskelynite. Such a non-linear phenomenon of light scattering cannot be handled with a linear extrapolation model. However, MGM deconvolution should be able to handle such, and it is surprising that the 1.7 mm band of maskelynite (Fig. 11a) was not picked up by the MGM deconvolution of spot B. Probably, the maskelynite crystals did not have strong enough contribution to be detected against other minerals such as pyroxene.
The band 1 and 2 center positions of the strongest pyroxene bands of spots A, B, and C are plotted in Fig. 15 (filled triangles) . They are all quite far away from the synthetic pyroxene trend line.
Because the 1 mm band region is much more complex with many more bands than the 2 mm band region, if the coexisting maskelynite and others caused a shift (toward the longer wavelength) of the 1 mm band center positions of pyroxenes in this chip, spots A, B, C fall into the compositional range of Fs 50e70 Wo 8e14, which is consistent with the result of Mikouchi (2001) .
Other meteorite samples and spots measured
Plotted in Fig. 12 are reflectance spectra of the remaining spots measured on the lunar meteorite samples studied here. As mentioned in the above sections and listed in Table 1 (Arai et al., 2005) , shows a dark, negatively-sloped spectrum with very little UV absorption. Again, an MGM deconvolution analysis is called for this spectrum. Shown in Fig. 13 are the MGM deconvolution plots of these spectra, and the optimized parameters are listed in Table 5 . Their band center, width, and strength parameters are also plotted in Fig. 14. As expected from their dark spectra, the residual error spectra for the Y-82193 and Y 983885 deconvolutions are much noisier than others (Fig. 13b, c, and g ), which may suggest their band parameter results may be more uncertain than others. It is immediately noticeable in Fig. 14a that Y-793274 and Y-791197 spectra (markers D, E, and F) show two 2 mm bands and share very similar bands at 0.65, 0.85, 1, 1.25, 1.9 and 2.1e2.2 mm, and Y-791197 spot B (marker F) shows the strongest 1 and 2 mm bands (Fig. 14b) .
These strongest pyroxene band center wavelength positions are plotted in Fig. 15 (Koeberl et al., 1991) and Fs 9e59 Wo 2e44 for Y-791197 (Yanai and Kojima, 1984) . Although Y-791197 spot B is away from the synthetic pyroxene trend line, if the closest point on the line is a good indication, the composition is close to that of Y-793274 spot A (Fs 60 Wo 22). In spite of its suggested paring with Y 981031, the Y-793274 spot (filled rightward triangle) does not seem close to any of the Y 981031 spots (filled squares) in Fig. 15 .
Band centers of Y 983885 spot A are plotted as a filled diamond in Fig. 15 . Although this band center position is close to the synthetic Ca-free pyroxene trend line at Fs 80e85, because its MGM deconvolution gave only one absorption band each for the 1 and 2 mm regions, there is a possibility that each absorption band is an unresolved combination of two bands representing LCP and HCP. Also, due to its low reflectance and thus high noise level and highly negative continuum slope, quality of the MGM fit may be questionable. Arai et al. (2005) indicate that the pyroxene compositional range of Y 983885 is Fs 17e53 Wo 9e39, which is not consistent with a single pyroxene case of this study.
Discussion
Lunar samples studied here showed some variety in the surface roughness. Surface roughness usually affects photometry, spectral slope, absorption band depth, and brightness. However, the spectral shape other than the continuum slope is intact and that is the diagnostic part of data to show mineralogy. The MGM is designed to extract such information by removing the continuum in the natural logarithm reflectance space and fitting Gaussians to absorption bands. Therefore, the interpretation of mineralogy in this study should not be affected by surface roughness.
Linear deconvolution adopted in this study is a good approximation in dealing with areal mixtures such as monomineralic clasts in the same spot, or a clast of minerals of large grain sizes relative to the average optical path length. Its applicability is wider in measuring rock surfaces than soils wherein minerals are intimately mixed and thus a nonlinear mixing model is called for. If the measured spot is monomineralic or a simple mineral mixture (such as two-pyroxene mixtures), a deconvolution method such as MGM could be applied. In order to do so, the measurement spot should be smaller than the current 3 Â 2 mm in size according to the sizes of clasts and mineral phases of the target rock. Probably a spot of about 1 mm in diameter is ideal in that it is small enough to measure small clasts but large enough to average the surface texture effects although it depends on the scale of the surface roughness which can be controlled if the sample surface can be treated.
The kind of study performed here is similar to imaging spectroscopy applied to Earth and planetary surfaces through remote sensing by ground-based telescopes or spacecraft, except that we manually select individual areas of interest and the dimension of studied spots is in millimeter scale instead of meter to kilometer scale in the remote-sensing case. This study is very similar to what is expected if a VNIR spectrometer is utilized by a lunar rover.
Although surface alteration such as space weathering products would have to be removed by an abrasive tool for example, almost no other sample preparation is necessary to detect the rock type and mineralogy of a measured rock and its spots. Lunar meteorites at NIPR were only briefly loaned for this study under an agreement that the samples would not be destroyed or contaminated, in which sense this study was similar to in-situ spectral measurements by a lunar rover looking at clasts of nearby rocks without touching it or employing any other heavy instruments available elsewhere on Earth.
The information on mineral modal abundances and chemical compositions of measured spots on studied lunar meteorites seem reasonably consistent with previous works on them, except for the case of Y 983885 as mentioned in the previous section. Some terrestrially weathered spots and many of darker spots could not be analyzed by simple linear extrapolation because of their poor spectral quality, which was why MGM deconvolutions were performed. However, the number of sampled spots in this study is not large enough to compare with them in a precise manner, and the kind of MGM deconvolution calculations employed in this study lack certain desired constraints on the number of bands and the band center wavelength and width ranges that are mineralogically realistic. Such issues may highly affect the outcome of MGM deconvolution calculations. Further studies are desired on fresh lunar meteorite surfaces with a smaller spot size and better S/N ratio for obtaining better petrography of target rocks.
Summary
We have successfully demonstrated that UV-VNIR spectral measurements of natural surface spots of lunar meteorites can give useful information on the rock types and mineral compositions of the measured spots. Our approach will be useful for both in-situ characterization of lunar rocks by a rover and non-destructive laboratory characterization of returned lunar rocks or lunar meteorites. Compilation of such spectral data of lunar and other meteorites would enhance the value of the meteorite collection and its database.
